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Edited by Miguel De la RosaAbstract Chemical protein glycosylation was employed to
sequentially modulate the structural dynamics of the serine pro-
tease a-chymotrypsin as evidenced from amide H/D exchange
kinetics. The reduction in a-CT’s structural dynamics at increas-
ing glycan molar contents statistically correlated with the in-
creased thermodynamic stability (Tm) and reduced rate of
enzyme catalysis (kcat) exhibited by the enzyme upon chemical
glycosylation. Temperature-dependant experiments revealed that
native-like structural dynamics and function could be restored
for the glycosylated conjugates at temperature values close to
their thermodynamic stability suggesting that the concept of
‘‘corresponding states’’ can be extended to glycoproteins. These
results demonstrate the value of chemical glycosylation as a tool
for studying the role of protein structural dynamics on protein
biophysical properties; e.g. enzyme stability and function.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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protease1. Introduction
It has been known for decades that proteins can undergo a
variety of dynamic conformational motions [1–3]. Due to this
there’s been a renewed interest in recent years towards
exploring the relationship between protein dynamics, stability
[4–7], and function [8–13]. Although much progress has been
made in this area, further conceptual and experimental ad-
vances would greatly beneﬁt from the development of a gen-
eral methodology that would allow for the systematic
modulation of global protein dynamics. Due to the well doc-
umented eﬀect of natural glycans in reducing glycoprotein
dynamics [14–19], chemical protein glycosylation could
potentially serve as a general strategy for modulating global
protein dynamics.
Herein, we explore this new concept by chemical glycosyla-
tion of the model protein a-chymotrypsin (a-CT) with the
disaccharide lactose and the polysaccharide dextran with aAbbreviations: a-CT, a-chymotrypsin; DSC, diﬀerential scanning cal-
orimetry; FTIR, Fourier transformed infrared; H/D, hydrogen/deute-
rium; HX, hydrogen exchange
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doi:10.1016/j.febslet.2006.02.001MW of 10000. Series of glycoconjugates were prepared that al-
lowed for the investigation of the interrelationship between
structural ﬂexibility, thermodynamic stability, and activity.
Sequential reduction in a-CT’s global structural mobility
(ÆDGmicæ1) [20] upon chemical glycosylation was determined
from amide hydrogen/deuterium (H/D) exchange kinetics
and this reduction in the enzyme’s structural dynamics could
be statistically correlated with the increase in thermodynamic
stability (Tm) and the reduction in catalytic activity (kcat).2. Materials and methods
2.1. Chemical protein glycosylation
Bovine a-CT was from Sigma, mono-(lactosylamido)-mono-(succini-
midyl) suberate (SS-mLac) was fromPierce, andmono-(dextranamido)-
mono-(succinimidyl) suberate (SS-mDex; 10 kDa) was synthesized by
monofunctional succinnylation [21]. Chemical protein glycosylation
was achieved by addition of diﬀerent molar ratios (3.5, 7, 10.5, 21,
28 mol reagent/mol protein) of SS-mLac and SS-mDex (10 kDa) re-
agents to a-CT solutions (2 mg/ml) in 0.1 Mborate buﬀer, pH 9.0. Reac-
tion mixtures were gently stirred at 4 C for 2 h followed by dialysis
puriﬁcation, ﬂash freezing with liquid N2, and lyophilization. Glycosyl-
ation levels (average glycan molar content) and protein integrity were
determined from trinitrobenzene sulfonic acid assay (TNBS) [22] and
capillary zone electrophoresis (CZE) [21,23,24].
2.2. Protein preparation for H/D exchange experiments
Prior to H/D experiments protein samples were dissolved in 10 mM
KPi (pH 7.1) at a 20 lM (0.5 mg/ml) protein concentration. Determi-
nation of protein concentration for all experiments was by absorbance
at 280 nm. Portions of 8 ml of these protein solutions and of their
respective buﬀer blanks were ﬂash frozen with liquid N2 followed by
lyophilization. For Fourier transformed infrared (FTIR) measure-
ments lyophilized buﬀer blanks and protein samples were dissolved
in 200 ll of D2O yielding a protein concentration of 0.8 mM (20 mg/
ml).
2.3. FTIR H/D exchange kinetics
Amide H/D exchange FTIR spectra were measured on a Nicolet
NEXUS 470 infrared spectrophotometer equipped with a thermally
controlled sample cell (Spectra-Tech Inc., Shelton, CT) using CaF2
windows and 25 lm Teﬂon spacers (Buck Scientiﬁc, East Norwalk,
CT). Kinetic experiments were designed similar to those reported by
others [25–28]. Exchange time was started at the moment of D2O addi-
tion. Spectra (2000–1100 cm1) were collected at 2.5, 5, 7.5, 10, 20, and
30 min and successively at 30 min intervals for a period of 6 h. For ini-
tial spectra up to 10 min, 10 scans at 4 cm1 spectral resolution were
collected and digitally averaged. For all successive time points 56 scans
were collected. Spectra of the buﬀer blanks in D2O were collected in
the same cell setup prior to sample measurement and digitally sub-
tracted from the sample spectra. Experimental pDread values were mea-
sured from sample aliquots after D2O addition. pDread in D2O was
found to be 0.35 ± 0.05 pH units lower than the pH of the same buﬀer
composition measured in H2O.blished by Elsevier B.V. All rights reserved.
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H/D exchange spectra from experiments at 25 C were processed for
quantitative analysis in the form of hydrogen exchange (HX) decay
plots (X vs. time) [27,29,30] while spectra from temperature dependant
studies were processed for qualitative analysis in the form of relaxation
plots (X vs. log k0t) [4,25,26,28]. For both type of plots the fraction of
unexchanged peptide hydrogen atoms (X) were determined as:
X ¼ ðwðtÞ  wð1Þ=wð0Þ  wð1ÞÞ ð1Þ
where w(t) is the ratio of the amide II (1550 cm1) and amide I
(1637.5 cm1) absorbencies corrected with the baseline absorbance
(1789 cm1) at time t, w(0) is the amide II/amide I ratio of the undeu-
terated proteins and w(1) is the amide II/amide I ratio for the fully deu-
terated proteins; w(0) was obtained from IR spectra for the
undeuterated proteins measured as KBr pellets. A value of
w(0) = 0.66 ± 0.04 was obtained for all the samples measured. The va-
lue of w(1) was determined from samples incubated for 15 days in D2O
at 65 C. These samples were prepared at pH 5 were a-CT’s activity is
neglible and the protein unfolding reversible [31]. A value of
w(1) = 0.17 ± 0.03 was obtained for all the samples measured. For
relaxation plots the chemical exchange rate constant (k0) was calculated
as a function of temperature and pH according to the following equa-
tion [4,25]:
k0 ¼ ð10 pHread þ 10pHread6Þ100:05ðT25Þ s1 ð2Þ2.5. Thermodynamic unfolding experiments
All thermal denaturation experiments were performed using a CSC
6100 Nano II diﬀerential scanning calorimeter (DSC) (Calorimetry Sci-
ences Corp., Lindon, UT). Protein samples were prepared at a concen-
tration of 1 mg/ml in 10 mMKPi (pH 7.1). Heat capacity thermograms
were determined at a 2 C/min scan rate. Baselines were run with the
same buﬀer used for the samples. Thermodynamic unfolding parame-
ters (DG, DH, DS, DCp, and Tm) were determined by digital analysis of
the heat capacity thermograms with the program Cp Calc (Calorimetry
Sciences Corp., Lindon, UT) [21].
2.6. Activity assays
Speciﬁc activities were determined by spectroscopically following the
initial velocity of p-nitroanilide formation at 410 nm (e410 = 8.8
mM1 cm1) on a Shimadzu UV 160U spectrophotometer in a
0.1 cm path length cuvette. Reactions were carried out in 10 mM
KPi (pH 7.1) employing Suc-Ala-Ala-Pro-Phe-pNA as substrate
[32,33] and started by addition of 60 ll of enzyme ([E]0 = 0.8 lM) to
a 240 ll substrate solution ([S]0 = 0.4 mM) in a ﬁnal volume of 1 ml.
For temperature dependent experiments the reaction mixture (sub-
strate and buﬀer) was incubated for 5 min at the desired temperature
prior to enzyme addition. For determination of steady state kineticTable 1
Kinetic and thermodynamic parameters derived from amide H/D exchange
conjugates
A1
b kHX,1 (min
1) A2
b kHX,2 (min
1)
Lac-a-CTa
0.0 ± 0.0 0.56 0.757 0.22 0.064
1.8 ± 0.7 0.53 0.715 0.19 0.064
2.5 ± 0.4 0.51 0.708 0.16 0.041
3.8 ± 0.4 0.48 0.628 0.11 0.023
5.2 ± 0.3 0.46 0.573 0.10 0.017
7.4 ± 0.3 0.43 0.434 0.08 0.017
Dex-a-CTa
0.0 ± 0.0 0.56 0.757 0.22 0.064
1.4 ± 0.1 0.55 0.741 0.14 0.029
2.5 ± 0.3 0.49 0.677 0.15 0.058
4.2 ± 0.1 0.44 0.650 0.17 0.063
6.7 ± 0.4 0.43 0.539 0.15 0.023
7.6 ± 0.1 0.40 0.394 0.14 0.021
aAverage moles of lactose and dextran (10 kDa) per mole of a-CT.
bAi are the fractions of amide protons in the ith population that exchange w
cGibbs free energy of microscopic unfolding per mol of peptide hydrogen [2
dProtein mobility [20].parameters, initial velocities were determined for seven initial substrate
concentrations in the range between 0.01 and 0.5 mM [32,33]. Eadie–
Hofstee plot analysis was used to determine kcat and KM parameters.3. Results and discussion
3.1. Chemical glycosylation of a-CT
To sequentially alter the structural dynamics of a-CT in a con-
trolled manner, chemical glycosylation of the enzyme was em-
ployed. The chemistry was based on the succinimidyl
functionality which allows coupling of the glycans to the protein
via the lysine e -aminogroups [21]. The resulting glycoconjugates
are non-crosslinked single protein species characterizedby a var-
iable distribution of glycans attached to the surface. Average
glycan molar contents for these a-CT conjugates were sequen-
tially increased to levels of around 7–8 moles of glycan per mol
of protein (Tables 1 and 2). This amount is approximately 50%
of the total glycan content that can theoretically be attached to
a-CT since the protein has 14 surface accessible lysine residues.
Two diﬀerent sized glycans, i.e., lactose (500 Da) and dextran
(10 kDa), were employed to discern for the role of the glycan’s
size on protein dynamics, stability, and function. Previous struc-
tural characterization revealed that this type ofmodiﬁcation did
not alter the structural integrity of the protein [21].
3.2. Changes in protein dynamics upon chemical glycosylation
Proton exchange (HX) represents one of the most versatile
methodologies for extracting both kinetic and thermodynamic
information from macromolecular systems [20,25,34,35]. In
this context we monitored the kinetics of amide H/D exchange
for the various a-CT glycoconjugates by FTIR spectroscopy.
HX kinetics were plotted in the form of HX decay plots where
the fraction of unexchanged amide hydrogen atoms (X) de-
creases over time due to the H/D exchange process (Fig. 1A
and B). Quantitative analysis of the HX decay data were done
by a two-exponential model:
X ¼ A1 expðkHX;1Þt þ A2 expðkHX;2Þt þ A3 ð3Þ
whereA1,A2, andA3 are the fractions of the fast, slow and stable
amide protons and kHX,1 and kHX,2 are the apparent exchangerates for a-CT and for the various lactose-a-CT and dextran-a-CT
A3
b ÆDGmicæc (kcal/mol) ÆDGmicæ1d (mol/kcal)
0.22 5.39 0.185
0.28 5.43 0.184
0.33 5.45 0.183
0.41 5.53 0.181
0.44 5.59 0.179
0.49 5.75 0.174
0.22 5.39 0.185
0.31 5.43 0.184
0.36 5.46 0.183
0.39 5.48 0.182
0.42 5.62 0.178
0.46 5.80 0.172
ith a rate constant kHX,i.
0].
Table 2
Thermodynamic unfolding and catalytic parameters derived from DSC
and hydrolysis of Suc-Ala-Ala-Pro-Phe-pNA for a-CT and for the
various lactose-a-CT and dextran-a-CT conjugates prepared
Tm (C) SA (U/mg) Km (mM) kcat (s1)
Lac-a-CTa
0.0 ± 0.0 45.6 ± 0.4 16.3 ± 0.4 0.046 ± 0.001 9.9 ± 0.1
1.8 ± 0.7 47.4 ± 0.1 12.1 ± 0.7 0.049 ± 0.002 7.9 ± 0.1
2.5 ± 0.4 49.0 ± 0.3 11.3 ± 0.3 0.053 ± 0.001 7.3 ± 0.1
3.8 ± 0.4 48.9 ± 0.1 10.8 ± 0.3 0.047 ± 0.001 6.7 ± 0.1
5.2 ± 0.3 50.2 ± 0.5 10.4 ± 0.5 0.051 ± 0.005 6.6 ± 0.3
7.4 ± 0.3 52.5 ± 0.1 8.4 ± 0.3 0.047 ± 0.006 5.4 ± 0.3
Dex-a-CTa
0.0 ± 0.0 45.6 ± 0.4 16.3 ± 0.4 0.046 ± 0.001 9.9 ± 0.1
1.4 ± 0.1 48.6 ± 0.1 14.0 ± 0.1 0.052 ± 0.004 9.4 ± 0.1
2.5 ± 0.3 49.7 ± 0.2 13.7 ± 0.2 0.048 ± 0.001 8.6 ± 0.1
4.2 ± 0.1 52.9 ± 0.3 13.0 ± 0.2 0.046 ± 0.004 8.1 ± 0.2
6.7 ± 0.4 54.4 ± 1.2 9.5 ± 0.1 0.044 ± 0.004 5.5 ± 0.4
7.6 ± 0.1 53.3 ± 0.6 7.4 ± 0.2 0.046 ± 0.003 4.3 ± 0.1
aAverage moles of lactose and dextran (10 kDa) per mole of a-CT.
Fig. 1. Measurement of global protein structural ﬂexibility by FTIR
amide H/D exchange. (A) H/D exchange decay plot at 25 C (pD 7.1)
for a-CT (d) and a-CT-lactose conjugates with the following lactose/
protein molar ratios: 1.8 ± 0.7 (s), 2.5 ± 0.4 (n), 3.8 ± 0.4 (h),
5.2 ± 0.3 (e), 7.4 ± 0.3 ( ). (B) H/D exchange decay plot at 25 C (pD
7.1) for a-CT (d) and a-CT-dextran conjugates with the following
dextran/protein molar ratios: 1.4 ± 0.1 (s), 2.5 ± 0.1 (n), 4.2 ± 0.1
(h), 6.7 ± 0.1 (e), 7.6 ± 0.1 ( ). X represents the fraction of
unexchanged peptide hydrogen atoms at time; t. Graphs insets show
an expansion of the initial H/D kinetic time points.
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The decay data reveal that upon chemical glycosylation both,
the population (A1, A2) and rate constant (kHX,1, kHX,2) for fast
and slow exchanging amide protons, decrease with a concomi-
tant increase in the population of stable amide protons (A3)
(Table 1). Results were interpreted thermodynamically under
the EX2 exchange mechanism [4,34] where the global Gibbs free
energy ofmicroscopic unfolding permol of peptide hydrogens is
based on the chemical exchange rate constant (k0) and the mea-
sured rate constants (kobs = kHX,1 + kHX,2) [20,25–30]:
hDGmici ¼ RT lnðkobs=k0Þ ð4Þ
The inverse of this thermodynamic term was used to facilitate
data comparison in terms of protein mobility (ÆDGmicæ1) [20].
The results obtained reveal a reduction in global protein
mobility as a function of protein glycosylation (Table 1). Inter-
estingly this reduction was largely independent of the size of
the glycan but depended on the level of surface glycosylation.
The nature of reduced global protein dynamics due to glyco-
sylation is still a subject of debate. Various hypotheses can
be found in the literature, e.g., restriction of the protein con-
formational sampling space by steric crowding, reduction of
solvent access to the protein surface, and direct enthalpic con-
tacts between the protein surface and the ﬁrst surface accessi-
ble residues of the glycans [14–19,36–38]. Since the observed
reduction in a-CT’s global mobility upon glycosylation was
similar for the two contrasting molecular weight glycans used
and the populations of exchanging amide protons changed to
being stable (non-exchanging) our results tend to exclude the
ﬁrst hypothesis but provide support for the two latter ones
since this eﬀect appears to depend mainly on the number of
glycans attached to the protein and thus on their number of
possible surface contacts and not on their size. A simple expla-
nation that merges these two hypotheses is that the presence of
the glycan moieties close to the protein surface leads to enthal-
pic protein–glycan contacts that perturb the surrounding
hydration shell thus transforming the protein structural mo-
tions from being solvent slaved to non-slaved [39–41].3.3. Inﬂuence of structural dynamics on protein thermostability
and function
Having created a-CT variants with reduced structural mobil-
ity by chemical glycosylation we next determined the inﬂuence
of a-CT structural dynamics on the enzyme’s thermodynamic
stability and function (Table 2). The thermodynamic stability
of a-CT after chemical glycosylation was determined from
thermal unfolding experiments followed by DSC [21]. Chemi-
cal glycosylation led to an increase in the thermostability
(Tm) of a-CT that similarly to the protein mobility was largely
independent of the size of the glycan but dependant on the le-
vel of surface glycosylation. Although all the thermodynamic
unfolding parameters determined were altered upon chemical
glycosylation only the changes in the Tm correlated with the
changes in protein dynamics for both sized glycans [21]. The
catalytic behavior of a-CT after chemical glycosylation was
determined from the hydrolysis of the peptide substrate Suc-
Ala-Ala-Pro-Phe-pNA (Table 2). These experiments revealed
that for the a-CT conjugates only the turnover rate (kcat)
was reduced as a function of the glycan molar content indepen-
dent of the glycan’s molecular weight while the substrate bind-
ing aﬃnity (KM) remained unchanged. The reduction in kcat
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with the results found previously during the study of the cata-
lytic behavior of natural glycoproteins [17,18].
Since the changes in enzyme thermostability (Tm) and cata-
lytic activity (kcat) were independent of the glycan’s size but
dependent on the levels of glycosylation this suggested that
these changes could be due to the reduced structural protein
mobility (ÆDGmicæ1). To test this we performed a statistical
correlation analysis (ANOVA) between the enzyme’s struc-
tural mobility and the thermodynamic stability and catalytic
activity (Fig. 2A and B). The results indicate that there is a sta-
tistically signiﬁcant inverse relationship between a-CT’s
dynamics and thermostability. Interestingly similar conclu-
sions have been reached for other enzyme systems [5–7]. This
behavior can be rationalized due to the direct dependence of
the global protein stability:
DGglobal ¼ DGmacro þ DGmicro ð5Þ
on the enthalpic (macrostability) and entropic (microstability)
nature of the protein structure [4,20]. Any decrease in protein
mobility leads to a smaller contribution of DGmicro to the global
protein stability and thus a shift in the thermodynamic unfolding
equilibrium towards higherTm values. Additionally and ofmore
profound implications the results (Fig. 2B) also indicate that as
previously hypothesized for a-CT; the kinetics of enzyme catal-Fig. 2. Statistical correlation analysis (ANOVA) between the global
structural mobility (ÆDGmicæ1) and the thermodynamic stability (Tm)
and catalytic activity (kcat) for a-CT (s), Lac-a-CT (n) and Dex-a-CT
(h) conjugates.ysis are inﬂuenced by the global structural ﬂexibility [33,42,43].
This phenomenon which is hypothesized to arise from the low-
ering of the transition state Gibbs free energy of activation
(DGTST) through transductionof the enzyme’s dynamical energy
(DGdyn) is believed to be one of the causes for the dramatic rate
enhancement observed in enzyme systems [33,44–47].
3.4. Thermodynamic dependence of the catalytic and structural
dynamic protein behaviour
Having created glycosylated a-CT variants which behave
similarly to thermophilic proteins with respect to their reduced
global conformational dynamics, reduced speciﬁc activities at
ambient temperatures, and increased thermostabilities
[4,18,28] we additionally investigated through thermodynamic
studies the temperature dependence of the catalytic and dy-
namic behaviors of these conjugates (Fig. 3A). Maximum cat-
alytic activity for the native a-CT was displayed at 47 C
which coincides with the onset of its thermal denaturationFig. 3. Temperature-dependence of the catalytic and structural
dynamic properties of a-CT and the glycosylated a-CT conjugates.
(A) Speciﬁc activity–temperature proﬁles for a-CT (d, ——), a-CT-
lactose conjugate (7.4 ± 0.3 glycan molar content) (h, —- —–) and a-
CT-dextran conjugate (6.7 ± 0.1 glycan molar content) (,, - - - - - -) at
pH 7.1. Dashed vertical lines correspond to the temperature at which
the enzyme and the conjugates display optimum catalytic activity. (B)
H/D exchange relaxation plot for a-CT at 25 C (d), 45 C (m) and a-
CT-dextran conjugate (6.7 ± 0.1 glycan molar content) at 25 C (s),
35 C (h), and 55 C (n). Dotted lines represent hypothetical exchange
curves for structurally random polypeptides that exchange with a
probability qi.
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catalytic activities were restored at increased temperatures
(Fig. 3A). Optimal catalytic activities for the glycosylated con-
jugates were also achieved close to their respective Tm values
(Table 2). Evaluation of the structural ﬂexibility of these con-
jugates by H/D exchange experiments at increased tempera-
tures revealed that native like structural dynamics could be
regained at the temperature of optimum catalysis (Fig. 3B).
These experiments support the notion that the restored speciﬁc
activities for the conjugates at high temperatures was a result of
the regaining of the original dynamic properties of the enzyme
thus demonstrating the interrelationship between the a-CT’s
structural dynamics, thermodynamic stability, and catalytic
activity and that the concept of ‘‘corresponding states’’
[4,48,49] can be extended to glycoproteins.
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